We have performed molecular dynamics simulations of atomistic models of C60 molecules and DMPC bilayer membranes to study the static and dynamic effects of carbon nanoparticles on biological membranes. All four C60-membrane systems were investigated representing dilute and concentrated solutions of C60 residing either inside or outside the membrane. The concentrated C60 molecules in water phase start forming an aggregated cluster. Due to its heavy mass, the cluster tends to adhere on the surface of the bilayer membrane, hindering both translational and rotational diffusion of individual C60. On the other hand, once C60 molecules accumulate inside the membrane, they are well dispersed in the central region of the bilayer membrane. Because of the homogeneous dispersion of C60 inside the membrane, each leaflet is pushed away from the center, making the bilayer membrane thicker. This thickening of the membrane provides more room for both translational and rotational motions of C60 inside the membrane compared to that in the water region. As a result, the dynamics of C60 inside the membrane becomes faster with increasing its concentration.
Introduction
Carbon nanoparticles such as fullerenes, carbon nanotubes, and soot precursors have attracted much scientific and industrial interest regarding their characteristic structural, mechanical, and electric properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] For example, their mechanical strength and electrical conductivity due to the delocalization of π bonds have found many applications in nano-scale electrical devices, polymer fillers, fuel cells, cosmetics, and biological sensors.
However, despite the widespread promise of these nanoparticles, especially in new technologies, research on their effect on human bodies and environment has been rare until recently. [12] [13] [14] [15] [16] [17] [18] [19] It is therefore important to assess the potential risk issues associated with nanoparticles, such as exposure, environmental and biological fate, transport, and toxicology. 20 It is not surprising that carbon nanoparticles may be toxic in respiratory organs such as the lung, considering that it has been known for some time that their allotrope, graphite, can induce pneumoconiosis by inhalation. [21] [22] Carbon nanoparticles have much larger surface area than graphite, and because of their nano-scale size, they tend to be accumulated in the interior of the body and are not eliminated by the microphage-mucociliary clearance mechanism. 15 However, systematic studies on the toxicity of carbon nanoparticles on lung tissue are absent, although a few conflicting results have been reported. [14] [15] [17] [18] 23 Adelmann et al. 23 reported that fullerenes are no more toxic than quartz powder from the study on the effect of fullerenes on the alveolar macrophages in vitro. Huczko et al. [17] [18] also observed that carbon nanoparticles do not show any toxic behavior such as skin irritation, allergy, and lung toxicity. However, in the two recent experiments using mice, [14] [15] single-wall carbon nanotubes were found to induce granulomas in the lung unlike graphite, which is much larger in size than carbon nanotubes.
Carbon nanoparticles can also cause serious damage to biological membranes. Sayes et al. 13 recently observed that pure fullerene aggregates (so-called nano-C 60 ), which are weakly soluble in water, kill human cells in culture even at very low concentrations (~ 20 ppb). This cytotoxicity tends to decrease over 7 orders of magnitude as more hydroxyl groups are attached to the fullerenes, which enhances their water solubility. It was suggested that the superoxide anions of fullerenes generated in water are responsible for membrane damage and subsequent cell death. However, cumulative experimental and theoretical studies at atomistic length scales are essential to consolidate this postulate.
Due to the recent progress in computational power, it has become routine to study realistic models of biological systems on nano-second and nano-meter scales using molecular dynamics (MD) computer simulations. These simulations provide the atomistic-level information of biological systems under study, which may be difficult to obtain from macroscopic experimental approaches. Such simulations have been successfully applied, for example, to enzyme reactions, protein folding, ion channels, and membrane fusion. [24] [25] [26] [27] [28] [29] [30] [31] Computer simulation studies for the interaction between carbon nanoparticles and biological materials such as proteins and DNA have also been performed. [32] [33] [34] [35] [36] [37] [38] The inhibition of the HIV-1 protease by fullerenes and their derivatives 32, [36] [37] was studied and the binding behavior of carbon nanotubes with nucleic acids 34, 38 or amylose 33 was also investigated to improve the solubility of nanotubes. Recently, Srinivas and Klein 39 studied the interaction between a synthetic nanotube and a DMPC lipid bilayer using molecular dynamics simulations of a coarsegrained (CG) model. However, the computational study on the effect of carbon nanoparticles on biological membranes using atomistic models has been relatively few. [40] [41] [42] [43] [44] Qiao et al. 40 performed molecular dynamics simulations to study the translocation of fullerene C 60 and its derivative C 60 (OH) 20 across a DPPC bilayer membrane and reported the pristine C60 can readily penetrate into the bilayer without a barrier in contrast to C 60 (OH) 20 erene C60 through a DMPC membrane and reported much higher free energy difference of the C 60 permeation than that by Qiao et al. We have also investigated the structural and dynamical effects of both round and flat shape nanoparticles on a DMPC lipid bilayer membrane or a DPPC monolayer membrane. [43] [44] However, these previous atomistic computer simulation studies mainly focused on single-C60 behavior despite the fact that C 60 readily forms an aggregate called nano-C 60 in water phase. Notably, Wong-Ekkabut et al. 45 recently reported a molecular dynamics simulation study of the translocation of fullerene clusters through a model lipid membrane, although they have used a coarse-grained model for the fullerene and the lipid bilayer. Thus, in this work we have performed molecular dynamics simulations using atomic models of C 60 clusters and DMPC bilayer membranes to have some insights into their collective effects on biological membranes. This paper is organized as follows. In Sec. II, the molecular models and computer simulation methods used in this study are described in detail. The structural, dynamical, and thermodynamic analyses are then presented in Sec. III, followed by summary and conclusions in Sec. IV.
Methods
Molecular models. The force fields for C60 were generated automatically using a utility in the molecular dynamics simulation package DL-POLY, 46 which searches all possible bonding, angle, dihedral, and inversion potential sets for a given hydrocarbon configuration and assigns the corresponding DREIDING force field 47 to each potential. The DREIDING force fields are generic force fields for "nonmetallic" main-group elements (such as C, N, and O) plus H and a few metals (Na, Ca, Zn, Fe). To use a significantly long simulation time step, all bond pairs were constrained by using SHAKE. 48 The molecular model of biological membranes used in this study is the united atom model of dimyristoylphosphatidylcholine (DMPC) lipid bilayer membranes, 49 which has been used extensively and successful in MD studies. 43, [50] [51] [52] The DMPC bilayer membrane, which consists of 64 DMPC lipids, is about 34 Å thick. A total of 2000 water molecules were also included in the simulation using the TIP3P model. 53 The initial configurations of the C 60 -membrane systems were generated as follows. First, an artificial point atom was inserted at a position where a single C 60 should be located inside or outside an equilibrated bilayer system. Next, the radius of the phantom atom (or the Lennard-Jones parameter σ) was gradually increased with a very small time step until the hole grows big enough to accommodate C 60 . Then, the artificial atom was replaced by a single C60 and this insertion was repeated until all C 60 molecules were inserted. The resulting configuration was equilibrated until there was no drift in simulation cell dimensions and thermodynamic quantities, such as total energy, pressure, and surface tension.
Molecular dynamics simulations. Equilibrium MD simulations: Figure 1 shows the four C60-membrane systems that are analyzed in this work. For each C 60 -membrane geometry, two independent configurations were generated and equilibrated using the MD simulations of the NP z γT ensemble, where N represents the total number atoms in the simulation, Pz is the z-component of the pressure tensor, which was set to 1 bar, γ is the membrane surface tension, set to 0 N/m, and T is the system temperature, set to 308 K in this study. The MD simulations were performed in DL-POLY 2.14 modified for the NP z γT ensemble. Details of the DMPC membrane model can be found elsewhere. 50 For each C60-membrane configuration, 10 ns equilibrated trajectories were saved every 1 ps and used for further analysis. The results shown in this paper are thus the averages of the two independent 10 ns trajectory runs for each case.
Umbrella sampling: To study the permeation behavior of a single C 60 into a lipid bilayer membrane, the umbrella sampling method 54 was implemented, by which the potential of mean force (or the free energy) can be obtained along a reaction coordinate for the process of interest. More details about the method used here can be found elsewhere. 43, 55 The reaction coordinate ξ was chosen as the z-directional distance between the center of mass of a single C 60 and the membrane center. In this method, a biased potential is additionally applied in the original molecular dynamics routine to confine the system within a small window of the reaction coordinate. In the present work, a harmonic potential, Uumb, with the spring constant, k umb , of 10 kcal/(mol·Å 2 ) was used:
where z win is the center of each window. The initial configuration of the C60-membrane system in each window was obtained by pulling it from an equilibrated configuration in the neighboring window (0.5 -1.0 Å apart) using Uumb. A total of 1 ns MD trajectories were collected in each window and the initial 50 ps of the trajectories were discarded for equilibration. The remaining 950 ps equilibrated trajectories were used to calculate the potential of mean force (pmf) profile for a narrow range of ξ within each window. 51 windows were employed at 0.5 Å intervals, spanning from ξ = 0 Å to 25 Å. The free energy profile (or potential of mean force) for the whole range of the reaction coordinate was obtained by assembling each free energy profile in each window using the weighted histogram analysis method (WHAM).
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Results and Discussion
Structural properties of C 60 clusters in DMPC membrane. Figure 1 shows representative snapshots of four C 60 -membrane systems investigated in this study. When a single C60 is inserted in the membrane, it preferably resides in the hydrocarbon tail region of lipids, not the membrane center ( Fig. 1(a) ). This result is consistent with density profile and free energy barrier as will be discussed below, and previous studies. 40, 42 This was also observed in previous simulations of flat-shape carbon nanoparticle-membrane systems, although a large round-shape carbon nanoparticle tends to be located at the membrane center. 43 The fact that C 60 behaves similarly to a flat nanoparticle rather than a large round nanoparticle implies that the preferential location of nanoparticles is dependent more on their size (or molecular weight) than on their shape. Since the diameter of C 60 is around 7 Å, it can reside in the hydrocarbon region without perturbing the lipid bilayer and it is also stabilized by the wrapping of neighboring hydrocarbon tails. The wrapping of nanoparticles by hydrocarbon tails is also reported in previous simulations. 44 On the other hand, when the C 60 concentration is high (0.1 M) as seen in Fig. 1(c) , C 60 tends to spread homogeneously near the membrane center, not at the hydrocarbon tail region, which is consistent with the previous result using a coarse-grained model. 45 This accumulation of nanoparticles in the central region of lipid bilayer membrane leads to the widening of the membrane center region, which is clearly seen in the density profiles of hydrocarbon tails of DMPC lipids as shown in Fig. 2 , and as a result, affects the dynamic behavior of C60 significantly as will be described in detail in the following section.
A single C 60 in water phase behaves similarly as a flat carbon nanoparticle, 43 by moving freely in both directions parallel and normal to the membrane as seen in Fig. 1(b) . Whereas, C 60 in concentrated solution tends to form an aggregated cluster, which adheres to the surface of the membrane (see Fig. 1(d) ). This aggregate formation in water phase was also found in the previous coarse-grained model simulation studies. 45 Dynamic properties of C60 clusters in DMPC membrane. The translational motion of C 60 highly depends on their interesting structural behavior as discussed in the previous section. Figure  3 shows the mean square displacements of both C60 and a single DMPC lipid in the direction parallel to the membrane. When the nanoparticle moves inside the membrane as seen in Fig. 3(a) , a single C60 in dilute concentration diffuses in the same pace as a single DMPC lipid. The similar behavior was also observed from the motion of a flat nanoparticle with the similar molecular weight. 43 The dynamic coupling between a single C60 (a flat nanoparticle) and a single DMPC lipid is the signature of the role of the particle size in the translational motion. However, in high C 60 concentration, C 60 moves 2.4 times as fast as that in dilute concentration. As mentioned above, this interesting phenomenon results from the widening of the membrane center region due to the presence of the dispersed fullerenes. This gap facilitates the translational motion of fullerenes in the direction parallel to the membrane plane.
On the other hand, in the water region as seen in Fig. 3(b) , a single C 60 in dilute concentration shows higher mobility than that in concentrated solution, which is the result of the cluster formation of C 60 .
The structural behavior of C 60 in both dilute and concentrated solutions also plays a significant role in the rotational motion of C 60 . It has been reported that the rotational relaxation time τ of C 60 is 3.1 ps in the gas phase and 15.5 ps in a 1,1,2,2-tetrachloroethane at 283 K. [56] [57] The temperature dependence of the C 60 rotation in the solid state can also be approximated by τ = τ 0 exp(T a /T), 56 where τ 0 = 0.81 ± 0.10 ps and T a = 695 ± 45 K. According to the expression, the rotational relaxation time at T = 308 K is expected to be τ = 7.7 ps in the solid state. We have also obtained the rotational relaxation time by fitting the time auto-correlation function of a vector, which connects two carbon atoms in the opposite position of a single C60 to an exponential function. The rotational auto-correlation function and the resulting relaxation times for four cases are shown in Fig. 4 . Interestingly, C60 rotates slower inside the membrane than outside the membrane in dilute concentration. This can be understood that inside the membrane, C 60 is wrapped by neighboring hydrocarbon tails of DMPC lipids, which hinders the rotation of C60.
However, the situation becomes reversed once C 60 starts forming a cluster: i.e., it rotates more freely inside the membrane than outside the membrane because of the widening of the bilayer membrane induced by homogeneous dispersion of C 60 .
Permeation of C 60 into DMPC membrane. Figure 5 shows the free energy barrier (or potential of mean force) for the C60 permeation into the DMPC membrane with two different pulling directions. When pulled from outside the membrane, C 60 feels an energy barrier of around 15 kcal/mol near ξ = 15 Å followed by a minimum around ξ = 10 Å, the energy of 7.5 kcal/mol relative to the energy when it is in the water region. The presence of the free energy barrier in the permeation process is in slight disagreement with the previous simulation studies. 40, 42 The origin of this discrepancy can be visualized from the snapshots of the umbrella sampling as seen in Fig. 6 . When C60 is pulled toward the membrane from water phase, several water molecules accompany the nanoparticle even when C 60 enters into the hydrocarbon tail region of the membrane. This adhesion of water molecules on C 60 is not surprising because the interaction between C 60 and water molecules is attractive. 58 However, we cannot rule out the possibility that the hydration of C60 in the hydrocarbon region may result from the relatively fast pulling of C 60 from the water region, which has been reported previously. 43 When pulled further to the center of the membrane, another free energy barrier of about 7 kcal/mol shows up at ξ = 0 Å. The presence of local minimum at ξ = 10 Å, not at the membrane center, is also observed in the previous simulations of nanoparticle permeation. 40, [42] [43] The free energy profile of the C60 permeation when it is pulled from the membrane center toward the water phase shows the similar behavior to that when pulled from the water region in the range of ξ = 0 -15 Å: i.e., when the location of C60 is inside the membrane region. However, the free energy keeps increasing, as the particle is pulled further toward the water region. This discrepancy between the two free energy profiles is due to the fact that when C 60 is pulled toward the water region, some DMPC lipid molecules, the hydrocarbon tails of which wrap around C60, are pulled together as shown in Fig. 7 .
Summary and Conclusions
We have performed molecular dynamics simulations of atomistic models of C 60 clusters and a DMPC bilayer membrane to study the static and dynamic effects of carbon nanoparticles on biological membranes. In water phase, they tend to form an aggregated cluster, which makes the translational and rotational dynamics of individual C60 slower. On the other hand, C60 prefers to be dispersed rather than aggregated once it manages to get into the membrane region. This homogeneous dispersion induces the thickening of the bilayer membrane, which provides more room for both translational and rotational motions of C 60 .
Although our molecular model does not allow any chemical reaction between nanoparticles and biological membranes, our results clearly show the permeation of carbon nanoparticles into biological membranes is feasible and once they accumulate inside the membranes, they would have significant effects on the structure of biological membranes.
